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ABSTRACT 


The percolation threshold (PT) of any polymer/particulate carbon composite depends on the 
processing, the dispersed state of the filler, the matrix used and the morphology attained. 
Sonication technique was used to make PA6/G and PA6/GNP composites employing in situ 
polymerisation, after which their electrical conductivity behaviours were investigated. While 
overhead stirring and horn sonication were used to distribute and disperse the carbon fillers, the 
composites were made in 2 streams 40/10 and 20/20. The 40/10 stream implies that while 
dispersing the carbon fillers in PA6 monomer, 40% amplitude of sonication was applied for 10 
minutes whereas the 20/20 stream implies 20% amplitude of sonication for 20 minutes. In both 
streams, the dispersing strain imparted on the monomer/carbon mixture was 400 in magnitude. 
Purely ohmic electrical conductivity behaviour was attained at 9.75 G wt. % for IG 40/10 system. 
For composites in the IG 20/20 system, same was attained at 10.00 G wt. %. Electrical conductivity 
sufficient for electrostatic discharge applications was achieved above 15 G wt. % in the IG 40/10 
system. Using the power law percolation theory, percolation threshold was attained at 9.7 G wt. % 
loading in IG 40/10 system, while same was attained at 7.6 G wt. % loading in IG 20/20 system. 
For the GNP based systems, percolation threshold occurred at 5.2 GNP wt. % in the INP 40/10 
system whereas same occurred at 7.4 GNP wt. % in the IG 20/20 system. 
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1.0. Introduction 


Polymers are essentially insulators except for the natural double conjugates. To introduce electrical 
conductivity to polymers, conductive constituents such as metals and carbon are used as fillers. Fillers 
are carefully selected and added in quantity that will not compromise other important physical 
properties of the matrix. Without much loss to other significant matrix properties, threshold quantities 
just above which an electrically percolated conductive state is attained is needed. At higher loading 
above the threshold amount, the risk of the composite becoming too brittle and loss of ability to 
perform other functions is expected. For the conductive regimes, usefulness is found when the 
electrical conductivity attained can sufficiently prevent lightning strikes, shield electromagnetic 
effects, provide anti-statics to components and in applications related to strain sensors (Marsden et al. 
2018). 


Polymer/micro-particulate composites, such as polymer/G composites, are usually made using high 
weight percentages of the fillers, sometimes, up to 40 wt. % (Clingerman ef al., 2002). This is mainly 
done to attain significant property improvements such as converting a composite from an electrical 
insulator to a conductor (Clingerman ef al., 2002). This transition takes effect at the percolation 
threshold (PT) which corresponds to that conductive filler loading level just above which, composites 
transform from being an electrical insulator to electrical conductor. The transition is usually marked 
by a sharp rise in electrical conductivity due to the formation of an electrically-conductive network by 
the filler. A plot of conductivity against filler loading takes the characteristic S-shape which 
represents the insulating, percolating and conductive regimes (Marsden et al., 2018). 
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For each filler/matrix combination, the PT depends on the blending method used, the type, shape, size 
and orientation of the filler in the polymer composite and the filler-matrix interaction or, how 
considerable the matrix wets the filler (Clingerman, 2001). Many properties including electrical 
conductivity of composites may follow the power law percolation theory. When written for electrical 
conductivity; the critical filler loading at percolation, p., and the power constant, t, can be determined 
from Equation 1 (Marsden et al., 2018); 


a(p) = 0-(p — p-)* for p > pe (1) 


Where @, is the specific composite conductivity; o,, the conductivity at the filler loading above which 
the composites conductivity raises in an order of magnitude and, p is the filler loading in wt. %. The 
power constant, f, indicates the dimensionality of the filler network. Its typical value may range 
between 1.3-2.0 for systems in which the filler network dimension (D) lays between 2D and 3D 
(Sandler et al., 2003). As a class of polymer/carbon particulate composites, electrically conductive 
polymer composites find application in electromagnetic shielding, antistatic protection, batteries 
(Zheng et al., 2002), in aerospace and sports goods (Krupa and Chodak, 2001). 


The use of graphite nanoplatelets (GN) is not often common due to the need of high weight 
percentage. The GN density of 2.26 g/cm? (Sengupta et al., 2011) tends to increase the density of the 
final products. In addition, the accompanying rise in melt viscosity makes processing more difficult 
and energy consuming (She ef al., 2007). Notwithstanding, using a solution blending process with 
poly (methyl methacrylate) (PMMA), an electrical conductivity percolation threshold is reported at 
3.61 G wt. % (Moniruzzaman and Winey, 2006). Again, using G, the critical exponent of ¢ (in 
Equation 1) is approximately 1.8 as reported by Zheng ef al. (2002). This suggests that a 3 
dimensional conductive filler network was formed. The authors ascribed the low electrical 
conductivity PT to a ‘tunnelling’ phenomenon between adjacent conductive clusters. In a comparative 
study involving G and expanded graphite (EG) using polystyrene (PS) matrix, PT was attained at 6 G 
wt.% (Chen et al., 2003B). In a similar investigation for PMMA/G composites, a PT of 3.19 vol.% 
was achieved using in situ polymerisation (Chen ef al., 2003A). Both in situ polymerisation and 
solution blending usually result in lower PT values compared to melt blending (Sengupta ef al., 2011). 
Clingerman (2001) used an additive equation to describe, among other properties, the electrical 
percolation behaviour of synthetic graphite (SG) here referred to as G in PA6, 6 and polycarbonate 
(PC) matrices. The PA6, 6/G composite was estimated to have a PT of about 11 vol. %. Significant 
electrical conductivity of 2 x 10°S/cm was only attained at a much higher loading of 25 vol. %. Other 
studies (She et al., 2007; Lu et al., 2005) of G and EG with polyethylene showed that only at 
significantly large amounts (22.2 and 18 vol. % for G and EG, respectively) did composites became 
electrically conductive. 


It is also common for G composites to show sluggish percolation behaviour. In such instances, the 
change from insulator to a conductor is not sharp, and the electrical conductivity at PT obtained will 
not be high enough for many practical applications. For instance, Zheng et al. (2004) melt 
compounded high density polyethylene, (HDPE) with G; the first steep rise in conductivity occurred 
at 5G wt. % but the conductivity achieved was only 1 x 10°'' S/em. However a steeper rise followed 
at about 8G wt. % to give conductivity of about 1x10° S/cm sufficient for electrostatic discharge 
applications (Moniruzzaman and Winey, 2006). 


The high volume fractions of micron-scale fillers such as G required improving the properties leads to 
high viscosities during processing. To prevent forming highly dense product, co-blending two or more 
polymers with the filler helps. The concept being to make the filler preferentially dispersed in one 
phase while the volume of the other phase becomes effectively excluded (Thongruang et al., 2002). 
Alternatively, increasing the degree of crystallinity (Gubbel et al., 1995) of composites when a semi- 
crystalline matrix is used can also be used as a strategy. During crystal growth, fillers are pushed aside 
into the amorphous phase. Mixtures of micron-scale carbon fillers (Clingerman et al., 2002; Elwell et 
al., 2004) can also be used to attain early electrical conductivity PT. 


Adding nano-sized particulate carbon fillers such as GNP can also be made to attain property gains 
such as electrical conductivity. This could be attained at loading levels where processing the 


composite is not severely altered compared to the unfilled matrix (Kalaitzidou et al., 2007A). A low 
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PT of 0.75 vol. % was attained using in situ polymerisation of EC to produce PA6/GNP composites 
(Weng et al., 2004). The highest electrical conductivity attained was 10° S/cm. The synthesis was 
assisted by sonication which continued until the system’s viscosity increased. The attainment of low 
PT was ascribed to good dispersion, the structure and aspect ratio of the GNP. It is observed that 
washing the product by boiling for one hour will improve conductivity by the elimination of diluents 
while sonication during synthesis may shorten polymerised chains, reduce molecular weight and 
increase the levels of water soluble oligomers. 


Percolation behaviour of conductive fillers can also be investigated for already conductive conjugated 
polymers such as Polyaniline (PANI). The electrical conductivity and percolation behaviour of PANI 
was determined using in situ polymerisation of aniline with GNP where at 0.32 GNP vol. %, 
conductivity of 420 S/cm was obtained as against 5 S/cm for unfilled PANI. The nanocomposites’ 
conductivity increased gradually to 522 S/cm at 4.5 vol. % which doubled the former in order of 
magnitude. Applying percolation theory, a critical exponent of t = 0.85 was obtained which is lower 
than the universal value (1.3-2). In this wet process, the impressive result was assigned to the high 
aspect ratio of GNP which led to the formation of an effective conductive network. 


Another wet process, (solution blending) was employed by Vadukumpully ef al. (2011) in an effort to 
determine the PT in poly (vinyl chloride)/GNP nanocomposites. Relative to the unfilled PVC for 
composites with GNP loading level less than 0.1 vol. %, no electrical conductivity was attained. 
However, some electrical conductivity was attained from 0.1-0.6 GNP vol. % which was not even 
sufficient to attain the basic practical applications such as preventing the accumulation antistatic 
charges. Useful electrical conductivity was attained from 1.3 GNP vol. %. The authors reported that 
the rapid rise in electrical conductivity around 6 GNP vol. % was assumed to correspond with the PT. 
Nonetheless, wet processing does not always guarantee low PT for polymer/GNP composites 
although it is always likely to be lower relative to melt processing. In a comparative study, high PT 
values were obtained at 12 and 15 wt. % for solution blending and counter-rotating twin-screw 
extrusion respectively using low linear density polyethylene (LLDPE)/GNP nanocomposites. The 
GNP loading levels were up to 20 wt. % (Kim et al., 2009). Here, the solution process was employed 
alongside a series of twin-screw extrusion melt compounding processes. Overall, solution mixing 
gave the best dispersion. Among the melt compounded composites; the counter-rotating screw 
arrangement gave the highest PT. Reasons for the high PT values were not given, however, the GNP 
aspect ratio of 1500 suggests that it was GNP-15 which has a moderate surface area of 100 m’/g 
(Kalaitzidou et al., 2007C). DSC results showed decreased crystallinity relative to unfilled LLDPE on 
both the solution blending and melt compounding. This decrease does not favour the lowering of PT 
(Zang et al., 2007). 


Kalaizidou et al. (2007C) made a series of investigations on the properties PP/GNP nanocomposites. 
The objective is to study the effect on the electrical conductivity of three mixing methods namely; 
melt compounding, solvent processing and polymer coating/melt compounding. The processes are 
followed by compression or injection moulding. Two GNP fillers, GNP-1 and GNP-15 with the same 
surface area of about 100 m’/g were used with the latter having higher aspect ratio. Polymer coating 
followed by melt compounding was found to be as efficient as solvent processing. SEM micrographs 
indicated uniform dispersion of the GNP particles in the polymer coated/melt compounded 
nanocomposites. The authors observed that at the same volume fraction, GNP-1 had about 200 x 
more particles than GNP-15. This increased the ability of GNP-1 to efficiently coat PP there by 
inducing electrical conductivity at lower loadings. With regard to the GNP-coated melt compounded 
nanocomposites (the best among the melt processed systems), followed with compression moulding 
gave better properties than injection moulding. The complex 3D particle orienting effects found in the 
fountain-flow in injection moulding as against the 2D planar orientation generated during 
compression moulding may have contributed to this (Kim and Mascoko, 2009). For the coated melt 
compounded/injection moulded nanocomposites of GNP-15, PT was attained at 5 vol. %. When 
uncoated melt extrudates with injection moulded, PT was attained at approximately 7 vol. %. 


In a related investigation by Kalaizidou et al. (2007B), an SEM micrograph showed that due to the 
higher surface area of GNP-15 (implying more flexibility) it may fold and roll up. Therefore, it 
suffices to say that the PT of any polymer/particulate carbon composite depends on the processing, 
the dispersed state of the filler, the matrix used and the morphology attained. Fukushima and Drzal 
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(2006) conducted a research to identify the PT of PA6, 6/carbon nanocomposites using co-rotating 
twin screw extrusion, the carbon fillers used were GNP-1 and GNP-15. PA6, 6/GNP-15 had a lower 
PT of 6 vol. % compared to the PT of PA6, 6/GNP-1 at 10-12 vol. %. The variation could be 
attributed to the processing which allowed the retention of the natural morphology of GNP-15 leading 
to early formation of an electrically-conductive percolated network. Just as high aspect ratio is 
expected to decrease thermal contact resistance (Kalaitzidou eft al., 2007C) so it is expected to 
facilitate smooth flow of electric charges. 


In the light of the above in this research, a micro-composite PA6/graphite (G) and a nanocomposite, 
PA6/graphite nanoplatelets (GNP) are synthesized in situ employing a novel approach. Overhead 
stirring and horn sonication will be used to distribute and disperse the carbon fillers, using two 
streams 40/10 and 20/20. The 40/10 stream implies that while dispersing the carbon fillers in PA6 
monomer, 40% amplitude of sonication will be applied for 10 minutes while the 20/20 stream implies 
that 20% amplitude of sonication was applied for 20 minutes. The electrical conductivity for the two 
streams at different filler loading will be investigated. At what filler loading will ‘purely ohmic 
behaviour’ of composite be achieved? The percolation threshold (PT) for the two streams will be 
examined for the in situ for graphite (IG) and in situ polymerised for nanoplatelets (INP). 


2.0. Methodology 


2.1. Materials 


Pristine commercial grade PA6 was donated by Akulun Germany. The monomer Epsilon Caprolactam 
(C6H11NO, coded as EC) was purchased from Sigma-Aldrich, with purity level of 99 % and a 
molecular weight of 113.16. The pristine PA6 and the EC were vacuum dried overnight at 50° C 
before usage which adequately removed moisture. Methyl Magnesium Bromide (coded as MMB, 
molecular weight 119.26,) is a Grignard catalyst precursor which forms the catalyst, (Caprolactam 
Magnesium Bromide (CMB)) in-situ, was purchased Fisher Scientific as a 100 ml bottle containing a 
3.0 M solution of MMB in diethyl ether. Activator: or co-catalyst, is a monofunctional 
Nacetylcaprolactam (Cg H,3N02), coded as NAC), supplied by Sigma-Aldrich with purity; 99 % and 
molecular weight of 155.19. Graphite Filler: Synthetic graphite, (coded as G) is < 2 um in particle size 
was supplied by Sigma-Aldrich. Graphite Nano-Platelets: GNP-15, (coded as GNP) with surface area 
107+7 m’/g, diameter of 15 um, aspect ratio of 1500 and density of 2 g/em3 was bought from XG- 
Sciences, UK. Prior to use G and GNP are kept overnight in an oven at 160 °C. 


2.2. Methods 


Details of production of composite can be found elsewhere (Umar et al. 2020). Briefly, graphite (G) 
and graphite nanoplatelets (GNP) were cumulatively added to the molten monomer EC and dispersed 
by simultaneous sonication and mechanical stirring. This was followed by the addition of the 
catalysing species at the designated temperatures. The reaction took place in situ in a 100ml beaker 
which served as the reaction vessel. Catalyst precursor and a co-catalyst were employed to ensure that 
the reaction to form the composites occurred. For the PA6/G composites, G loading ranged between 
5-25G wt. % loading while for the GNP, the loading was between 0.5-2.5 GNP wt. %. Two similar 
sonication processing streams with magnitudes theoretically similar in processing streams were used. 
In one, the amplitude of sonication was kept at 40% and sonication was conducted for 10mins. In the 
other, sonication was conducted for double the time, 20mins but half the sonication amplitude, 20%. 
The first was designated as the IG 40/10 and IGNP 40/10 streams while the others are the IG20/20 
and IGNP 20/20 streams. After the synthesis solid products were withdrawn from the reaction vessel 
and crushed without washing while, dog bone specimens were prepared on a Haake Mini-Lab 
injection moulding machine. To prepare the specimens for electrical conductivity the straight and 
central portions of the dog-bones were used for all the carbon loadings and for unfilled PA6. 


2.3. Characterization for eectrical conductivity 


The electrical conductivity of pure PA6, G- and GNP-based composites were investigated using an 
impedance spectrometer; a numeric Q phase sensitive multi-meter (PSM 1735). The meter is a 2 
channelled, 4 wire kind which was operated in the inductance, current and resistance or LCR mode. 
The resistance displayed by test specimen as the frequency of the applied voltage varied from 1-10° 
Hz indicates the electrical conductivity of the measured test specimen. 
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Figure 1: (A) Numeric Q phase sensitive multi-meter (PSM 1735) used to measure electrical 
conductivity, (B) specimens prepared for testing 


A specimen’s electrical conductivity was measured across its thickness and perpendicular to the 
direction of any filler alignment imposed by injection moulding. Silver paint was applied on both 
faces and specimens were then allowed to dry. Using a silver-epoxy conductive paste, copper wires 
were alternately attached on opposite faces. Figure 1A and 1B shows the test set up and ready-to-test 
specimens. Each specimen test was repeated 3 times. For all the carbon loadings at least 5 separate 
specimens were tested. The resistance recorded was converted to electrical conductivity in S/m using 
the dimensions of the samples according to Equation 2. 


1 Specimen thickness 
o(S/m) = =X —-——________1¥_ (2) 
R_ specimens’cross sectional area 


where ais the electrical conductivity; R is the resistance of the materials. 
3.0. Results and Discussions 


3.1. Electrical conductivity behaviour for in situ polymerised PA6/G composites (IG 40/10 and the IG 
20/20 Systems) 


Figures 2A and 2B depicts frequency dependence conductive behaviour of 2 in situ polymerised 
PA6/GNP composites systems, IG 20/20 and IG 40/10. In both, the conductivity patterns remain 
somewhat similar even as the frequency of the current increases at higher carbon loadings. The 
frequency dependence of electrical conductivity for both systems show a ‘purely ohmic behaviour’ 
(Sandlera et al., 1999) as can be seen in the figures. This was achieved at 9.75 G wt. % loading in IG 
40/10 system and above 10 G wt. % loading in IG 20/20 system. The relatively early lower frequency 
independent electrical conductivity in IG 40/10 system may be related to the higher tendency of its 
broken G particles agglomerate to form a conductive path. The sonication amplitude of 40% breaks 
more particles reducing their aspect ratios. The smaller the particles are, the more their tendency to 
attract each other and agglomerate. Agglomeration supports the formation of an electrically 
conductive network (Alig et al., 2008). In some cases, lower aspect ratio particles cause the formation 
of an electrically conductive path at lower carbon content. This is due to higher number of particles at 
equivalent weight fractions in comparison to higher aspect ratio particles (Kalaitzidou et al., 2007A). 
Such promotes the formation of a conductive path via agglomeration. On the one hand, with the 
smaller sized particle, surface tension increases in polymers (Supova ef al., 2011) while 
particle/particle attraction increases making it easier formation of agglomeration-based conductive 
path. Again, the tendency for particles to agglomerate increases with decreasing particle size (Keledi 
et al., 2012) though with smaller sized particles, transport resistances also increases at particle/particle 
junctions. 
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Figure 2: Frequency dependence of electrical conductivity in-(A) IG 40/10 system (sonication 
amplitude of 40% applied for 10 minutes) (B) IG 20/20 system (20% amplitude applied for 20 min) 


Figure 3 depicts the percolation behaviour of the IG 40/10 system by fitting it to the power law 
equation. It seemed not to correspond well with the commonly reported sigmoidal curve trends. A 
similar behaviour with carbon loading, the electrical conductivity continues to grow defying the 
sigmoidal curve pattern was previously reported (Chandrasekaran et al., 2013). Such trends may 
suggest that there is a significant growth in the volume of the conductive path formed above critical 
carbon loading. In the IG 40/10 system, electrical conductivity sufficient for electrostatic discharge 
applications (10°-107 S/m (Moniruzzaman and Winey, 2006)) is achieved above 15 G wt %. Kang 
and Chung (2003) attained this by incorporating 8 wt. % G and 4 wt. % oil in a PA6 hydrolytic based 
in situ polymerisation process. Most likely, oil had excluded a significant volume of the composite 
thereby reducing the volume required to form a conductive path. 
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Figure 3: Electrical conductivity percolation curve for the G 40/10 system (40% sonication applied 
for 10 min). Inset is the corresponding power law fit 


The inset in Figure 3 is the power law fitting of the percolation curve. The estimated percolation 
threshold (PT) loading is about 9.7 G wt. % which is significantly lower than some reported values in 
studies containing polymer/G composites (Kang and Chung, 2003; Chen et al., 2003B; Chen et al., 
2001). This observed disparity may have to do with the variation in the matrix type, the effect arising 
from same and the inclusion of oil. Crystal formation in semi-crystalline polymers like PA6 also 
enhances electrical conductivity. As crystals are formed they push away filler particles thereby 
narrowing the total volume required to form a conductive path (Krupa and Chodak, 2001). When a 
very low PT loading of close to 6 G wt. % was reported with a HDPE matrix (Zheng et al., 2004), the 
success was associated with filler shape, the mixing viscosity and the effect of the actual blending 
process (Cheng ef al., 2010). Additionally all polymers differ in their intrinsic dielectric properties. 
Although in situ polymerisation (as applied here ) has the advantage of providing good wetting of 
carbon fillers (Chen et al., 2003A), it also limits direct conduction of electric current since the carbon 
particles become coated (Weng et al., 2005). A similar effect also occurs when the filler is 
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encapsulated, for instance when master-batch processing precedes melt extrusion. In such cases, 
electron flow switches from a contact-based mechanism into an electron tunnelling type (Li and Chen, 
2007). 


In percolation data fittings, the critical constant, ¢, describes the shape of the fillers as it relates to the 
dimensionality of the conductive path attained (Weng ef al., 2005; Yamamuro et al., 1999). In the G 
40/10 system, a critical constant of 0.55 is obtained with the regression coefficient above 0.9 which 
justifies the value. Conventionally, t values close to 2 implies that the electrical conductive network 
is 3 dimensional (Schmidt et al., 2007). Deviations to higher values are considered to be a 
manifestation of a non-universal phenomenon (Foulger, 1999B; Chen et al., 2003A; Foulger, 1999A). 
Chen et al. (2003A) suggests t values between 1.65 to 2.0 to correspond to a 3 dimensional filler 
connectivity network while, extreme filler geometry causes deviations to higher values. This results in 
other forms of conductive mechanism, for instance tunnelling (Foulger, 1999B) to occur in parallel 
with the contact type. Filler connectivity can also be such that a two dimensional network forms. 
Values around 1.1 (Yamamuro et al., 1999) , those within the range of 1.2-1.30 (Schmidt et al., 2007) 
and even up to 1.33 (Bauhofer and Kovacs, 2009) have all been considered to describe an electrically 
conductive path with a dimensionality of 2. Values of ¢ far away from the range typically associated 
with both the two and three dimensional connectivity are sometimes observed especially when, 
sonication is used in dispersing the fillers (Bauhofer and Kovacs, 2009). For instance, a f value of 7.6 
(Ha et al., 2007) was obtained as well as a t value of less than 1 (Wang and Dang, 2005), both in 
processes involving carbon dispersion by sonication. Therefore, the t value of ~ 0.6 obtained in the G 
40/10 system is not an isolated finding. It appears that the harsh sonication conditions applied in 
40/10 created small particles of diverging geometries as evident in Figure 4 below. The red arrow 
points at somewhat distorted cone among other intricate shapes. Such mixed geometries are 
anisotropic thus, lacking any definable central or rotational symmetry to fit proper aspect ratio 
description (Supova et al., 2011) . 





EHT = 5.00 kV Signal A = SE1 Date :23 Sep 2013 
WD = 13.0mm Mag= 2.00KX Sample ID = 25Gs 
- > 





aM ie 
Figure 4: SEM photo for tensile fractured PA6/G of the IG 40/10 system. (40% sonication applied for 
10 min) 


Figure 5 shows the PT fitting for IG 20/20 system where the PT forms at a lower loading of 7.6 G wt. 
% with a regression coefficient, R = 0.994. The PT value compares favourably with that achieved in 
G 40/10 system at 9.7 G wt. % with R = 0.941. This is an indication of a better retention of the aspect 
ratio in G 20/20 system despite a higher value of the sonication. The ¢ value of 2.26 obtained here is 
an approximate to a 3 dimensional connectivity network as reported in literature (Bryning et al., 2005; 
Yuen et al., 2007; Yoshino et al., 1999; Mierczynska et al., 2007). It also shows that formation of an 
electrically conductive network occurred preferentially with a well dispersed G compared to that 
based on agglomerated conductive path. 
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Figure 5: Electrical conductivity percolation curve for IG 20/20 system where 20% amplitude of 
sonication was applied for 20 min. Inset is the corresponding power law fit 


3.2. Electrical conductivity behaviour for in situ polymerised PA6/G composites (INP 40/10 and the 
INP 20/20 systems) 


A significant deviation of f values found in literature occurs in the INP 40/10 system as represented in 
Figure 6. The deviation is believed to be strongly associated with the nano filler size and shape of the 
GNP due to 40/10 harsh sonication conditions. Formation of large quantity of relatively small 
particles of different shapes is linked to sonication conditions. There seems to be no studies with 
which to compare these results, i.e. where GNP is incorporated in situ during synthesis of PA6 using 
fast anionic polymerisation which follows concurrent direct horn sonication and mechanical stirring. 
The two dimensional lateral structure of GNP combined with harsh sonication conditions can alter the 
GNP geometry and as such, the measured f value of 22.7 may not be unusual since a value close to 8 
was reported when one dimensional CNT was dispersed by sonication (Ha et al., 2007). Ideally, t 
values describe both the geometry and dimensionality of connectivity networks (Foulger, 1999A; 
Foulger, 1999B). The percolation theory may have limitations when it comes to carbon particles as 
reported by Gojny et al. (2006) where higher PT values are predicted. The higher PT for INP 40/10 
system is also likely associated to filler agglomeration on the nano-scale. This can negate the 
formation of a sufficiently large conductive path all across the specimen. The degree of crystallisation 
(DoC) reported in Marsden et al. (2018) did not vary significantly, relatively higher DoC did occur 
for INP 40/10 system. The lowest and highest values are 33.940.9 and 37.8+1.0 GNP wt. % 
respectively. This compares to 26.040.9 and 35.741.7 GNP wt. % in the INP 20/20 system. Hence 
INP 40/10 which has a higher DoC is more likely to have a higher volume excluded. This will surely 
aid formation of a lower PT in INP 40/10 system. 
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Figure 6: Electrical conductivity percolation curve for the INP 40/10 system where 40% sonication 
amplitude applied for 10 min. Inset is the corresponding power law fit 


In the INP 20/20 system, electrical conductivity improvement seems quiet gradual as depicted in 
Figure 7. The effect of a milder sonication manifests with t value of 7.4 which remains within 
reported range where sonication is applied (Ha ef al., 2007). It also agrees with the micrographs 
shown in Figure 8 where, better maintenance of the lateral structure of the GNP occurs in A for the 
INP 20/20 with a milder sonication condition. Under the 40/10 sonication condition, the GNP has a 
more fragmented structure. The higher PT value of 7.4 in the INP 20/20 system relative to 5.2 in the 
INP 40/10 system gives a difference of 2.2 GNP wt. % and most likely corresponds to their 
percolation behaviours. 
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Figure 7: Percolation curve for the INP 20/20 system where 20% sonication amplitude was applied 
for 20 min. Inset is the corresponding power law fitting 
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Figure 8: Morphologies of the GNP in (A) the INP 20/20 system (sonication amplitude of 20% for 20 
min), and (B) the INP 40/10 system (40% amplitude for 10 min) 


4.0. Conclusion 


Using in situ polymerisation and two processing streams of theoretically equivalent carbon filler 
dispersion strain rates, micron and nano sized carbon composites of PA6 were made and their 
electrical conductivities and percolation thresholds were investigated. The two dispersion processing 
streams used were the 40 % amplitude for 10 min (40/10) and the sonication amplitude of 20% for 20 
min (20/20). Each G and GNP composites were made at five cumulative filler loading levels. A 
purely ohmic electrical conductivity behaviour was attained at 9.75 G wt. % for the G composites in 
IG 40/10 system. For composites in the IG 20/20 system, ohmic electrical conductivity was attained at 
10.00 G wt. %. Percolation threshold was attained at 9.7 G wt. % loading in IG 40/10 system while, 
same was attained at 7.6 G wt. % loading in IG 20/20 system. For the GNP based systems, percolation 
threshold occurred at 5.2 GNP wt. % in the INP 40/10 system whereas same occurred at 7.4 GNP 
wt.% in the IG 20/20 system. 
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